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DNA array technology makes it possible to rapidly genotype individuals or quantify the expression 
of thousands of genes on a single filter or glass slide, and holds enormous potential in toxicologic 
applications. This potential led to a VS. Environmental Protection Agency-sponsored workshop 
titled "Application of Microarrays 10 Toxicology" on 7-8 January 1999 in Research Triangle Park, 
North Carolina. In addition to providing state-of-the-art information on the application of DNA or 
gene microarrays. the workshop catalyzed the formation of several collaborations, committees, and 
user's groups throughout the Research Triangle Park area and beyond Potential application of 
microarravs to toxicologic research and risk assessment include genome-wide expression analyses to 
identify gene-expression networks and toxicant-specific signatures that can be used to define mode 
of action, for exposure assessment, and for environmental monitoring. Arrays may also prove useful 
for monitoring genetic variability and its relationship to toxicant susceptibility in human popula- 
tions. Key ufordr. DNA arrays, gene arrays, microarrays, toxicology. Environ Health Perspeet 
107:681-685 (1999). [Online 6 July 1999] 
krtp://ehpnetlMie»s.nih.gov/aM1999/207p681-685rocke^ 



Decoding the genetic blueprint is a dream that 
offers manifold returns in terms ot understand- 
ing how organisms develop and runciion in an 
orten hostile environment. With the rapid 
advances in molecular biology over the last 30 
vears, the dream has come a step closer to reali- 
ty. Molecular biologists now have the ability to 
elucidate the composition of any genome. 
Indeed, almost 20 genomes have already been 
sequenced and more than 60 are currently 
under way. Foremost among these is the 
Human Genome Mapping Project. However, 
the genomes of a number or commonly used 
laboratory species are also under intensive 
investigation, including yeast. Arabidopsis. 
maize, rice, zebra fish, mouse, rat. and dog. It 
is widely expected that the completion of such 
programs will facilitate the development ot 
manv powerful new techniques and approach- 
es to diagnosing ana creating gencucailv and 
environmentally induced diseas es which amict 
mankind. However, the vast amount of data 
being generated by genome mapping will 
require new high-throughput technologies to 
investigate the runciion of the millions of new 
genes that are being reported. Among the most 
widely heralded of the new functional 
genomics technologies arc DNA arrays, which 
represent perhaps the most anticipated new 
molecular biology technique since polymerase 
chain reaction (PCR). . 

Arravs enable the studv of literally thou- 
sands of genes in a single experiment. The 
potential importance of arrays is enormous and 
has been highlighted by the recent publication 
of an entire Nature Generic supplement dedi- 
cated to the technology (/). Despite this huge 
surge of interest, DNA arrays are still linle used 
and largely unproven, as demonstrated by the 
high ratio of review and press articles to actual 
data papers. Even so, the potential they offer 



has driven venture capitalists into a frenzy of 
investment and many new companies are 
springing up to claim a share of this rapidly 
developing market. 

The U.S. Environmental Protection 
Agency (EPA) is interested in applying DNA 
array technology to ongoing toxicologic stud- 
ies. To learn more about the current state of 
the technology, the Reproductive Toxicology 
Division (RTD) of the National Health and 
Environmental Effects Research Laboratory 
(NHEERL; Research Triangle Park. NO 
hosted a workshop on "Application of 
Microarrays to Toxicology" on 7-8 January 
1999 in Research Triansle Park. North 
Carolina. The workshop was organized by 
David Dix, Robert Kavlock. and John Rockett 
of the RTD/NHEERL. Twenry-rwo intra- 
mural and extramural scientists from govern- 
mem. acanemia, and industry shared inrbrma- 
tion. data, and opinions on the current and 
future applications rbr this excidng new tech- 
nology. The workshop had more than 150 
attendees, including researchers, students, and 

— administrators from the EPA, the National 
Institute of Environmental Health Sciences 

. (NIEHS). and a number of other establish- 
ments from Research Triangle Park and 
beyond. Presentations ranged from the tech- 
nology behind array production through the 
sharing of actual experimental data and projec- 
tions on the future importance and applica- 
tions of arrays. The information contained in 
the workshop presentations should provide aid 
and insight into arrays in general and their 
application to toxicology in particular. 

Array El ments 

In the context of molecular biology, the word 
"array" is normally used to refer to a series of 
DNA or protein elements firmly attached in 



a regular pattern to some kind of supportive 
medium. DNA array is often used inter- 
chanceablv with senc arrav or microarrav. 
Alt hough not formally denned, microarrav is 
eenerallv used to describe the hieher densitv 
arrays typically printed on glass chips. The 
DNA elements that make up DNA arrays 
can be oligonucleotides, partial gene 
sequences, or rull-iength cDNAs. Companies 
offering pre-made arrays that contain less 
than full-leneth ciones normally use regions 
of the genes which are specific to that gene to 
prevent false positives arising through cross- 
hvbridization. Sequence verification of 
cDNA clone identity is necessary because of 
errors in identifying specific clones from 
cDNA libraries and databases. Premade 
DNA arrays printed on membranes are cur- 
rently or imminently available for human, 
mouse, and rat. In most cases they contain 
DNA sequences representing several thou- 
sand different scauencc clusters or genes as 
delineated through the National Center for 
Biotechnology Information UniGcne Project 
(2). Manv of these different UniGene clusters 
(putative genes) are represented only by 
expressed sequence tags (ESTs). 

Array Printing 

Arrays are typically printed on one f rwo 
types of support matrix. Nylon membranes 
are used by most off-the-shelf array providers 
such as Clontech Laboratories, inc. 
(Palo Alto, CA). Genome Systems, Inc. (St. 
Louis. MO), and Research Genetics. Inc. 
t'Huntsville. AL). Microarravs such as those 
produced by ArTrymetnx. Inc. i Santa Clara. 
CA). Incite Pharmaccuucais. Inc. (Palo Alto. 
CA), and many do-it-yourself (DID arraying 
groups use glass wafers or slides. Although 
standard microscope slides may be used, they 
must be preprepared to facilitate sticking 
of the DNA to the glass. Several different 
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coatings have been successfully used, includ- 
ing silane and lysine. The coating of slides 
can easilv be carried out in the laboratory, 
but many prefer the convenience of precoatec 
slides available from suppliers. 

Once the support matrix has been pre- 
pared, the DNA elements can be applied by 
several methods. AfrVrnetrix, Inc., has devel- 
oped a unique photolithographic technology 
for attaching oligonucleotides to glass wafers. 
More commonly, DNA is applied by either 
noncontact or contact printing. Noncon tact 
printers can use thermal, solenoid, or piezoelec- 
tric technology to spray aliquots of solution 
onto the support matrix and may be used to 
produce slide or membrane-based arrays. 
Cartesian Technologies, Inc. (Irvine, CA) has 
developed nQUAD technology for use in its 
PixSys printers. The system couples a syringe 
pump with the microsolenoid valve, a combi- 
nation that provides rapid quantitative dispens- 
ing of nanoliter volumes (down to 4.2 nL) over 
a variable volume range. A different approach 
to noncontact printing uses a solid pin and ring 
combination (Genetic MicroSystems, Inc., 
Wobuxn, MA). This system (Figure 1 ) allows a 
broader range of sample, including cell suspen- 
sions and particulates, because the printing 
head cannot be blocked up in the same way as 
a spray nozzle. Fluid transfer is controlled in 
this system primarily by the pin dimensions 
and the force of deposition, although the 
nature of the support matrix and the sample 
will also aftect transfer to some degree. 

In contact printing, the pin head is dipped 
in the sample and then touched to the support 
matrix to deposit a small aliquot. Split pins 
were one of the first contact-printing devices 
to be reported and are the suggested format 
for DIY axrayers, as described by Brown (5). 
Split pins are small metal pins with a precise 
groove cut vertically in the middle of the pin 
up. In this system, 1-48 split pins are posi- 
tioned in the pin-head. The split pins work bv 
simple capillary action, not unlike a fountain 
pen — when the pin heads axe dipped in the 
sample, liquid is drawn into the pin groove. A 
small (fixed) volume is then deposited each 
time the split pins are gently touched to 
the support matrix. Sample (100-500 pL 
depending on a variety of parameters) can be 
deposited on multiple slides before refilling is 
required, and array densities of > 2,500 
spots/cm 2 may be produced. The deposit vol- 
ume depends on the split size, sample fluidi- 
ty, and the speed of printing. Split pins axe 
relatively simple to produce and can be made 
in- house if a suitable machine shop is avail- 
able. Alternatively, they can be obtained 
directly from companies such as TeleChem 
International, Inc. (Sunnyvale. CA). 

Irrespective of their source, printers 
should be run through a preprint sequence 
prior to producing the actual experimental 



arrays; the first 100 or so spots of a new run 
tend to be somewhat variable. Factors effect- 
ing spot reproducibility inciude slide treat- 
ment homogeneity, sampie differences, and 
instrument errors. Other factors that come 
into play include clean ejection of the drop 
and clogging (nQUAD printing) and 
mechanical variations and long-term alter- 
ation in print-head surface of solid and split 
pins. However, with careful preparation it is 
possible to get a coefficient of variance for 
spot reproducibility below \Q%. 

One potential printing problem is sample 
Repeated washing, blotting, and 
drying (vacuum) of print pins between samples 
is normally effective at reducing sample carry- 
over to negligible amounts. Printing should 
also be carried out in a controlled environ- 
ment. Humidified chambers are available in 
which to place printers. These help prevent 
dust contamination and produce a uniform 
drying rate, which is important in determining 
spot size, qualify, and reproducibility. 

In summary, although several printing 
technologies are available, none are par- 
ticularly outstanding and the bottom line 
is that they are still in a relatively earlv stage 
of evolution. 

Array Hybridization 

The hybridization protocol is. practically 
speaking, relatively straightforward and those 
with previous experience in blotting should 
have little difficulty. Array hybridizations 
are, in essence, reverse Southern/Northern 
blots — instead of applying a labeled probe to 
the target population of DNA/RNA. the 
labeled population is applied to the probeis). 

ith membrane-based arrays, the control and 
treated mRNA populations arc normallv con- 
vened to cDNA and labeled with isotope (e.g.. 
33 P) in the process. These labeled populations 
arc tnen nvoncuzec umcocnacn u v to oarailci 
or senai arrays and the hybridizanon sienai is 
detected with a phosporimagcr. A less com- 
monly used alternative to radioactive probes is 
enzymatic detection. The probe may be 
biotinylated, haptenylated»_or have alkaline 
phosphatase/horseradish peroxidase attached. 
Hybridization is detected by enzvmatic reac- 
tion yielding a color reaction (4). Differences 
in hybridization signals can be detected bv eye 
or, more accurately, with the help of digital 
imaging and commercially available sofrwaxe. 
The labeling of the test popularions for slide- 
based microarrays uses a slightly different 
approach. The probe typically consists of two 
samples of polyA* RNA (usually from a rxeated 
and a concrol population) that are converted xo 
cDNA; in the process each is labeled with a 
different fluor. The independently labeled 
probes axe then mixed together and hybridized 
to a single miexoaxray slide and the resulting 
combined fluorescent signal is scanned. After 
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Figure 1. Geriettc Microsystems (Woburn. MA) pin 
ring system for printing arrays. The pin ring com- 
bination consists of a circular open ring oriented 
parallel to the samble solution, with a vertical pin 
centered over the ring. When the ring is dipped 
into a solution and lifted, it withdraws an aliquot 
of sample held by surface tension. To spot the 
sample, the pin is driven down through the ring 
and a portion of the solution is transferred to the 
bottom of the pin. The pin continues to move 
downward until the pendant drop of solution 
makes contact with the underlying surface. The 
pin is then lifted, and gravity and surface tension 
cause deposition of the spot onto the array. 
Figure from Flowers et al. [14), with permission 
from Genetic Microsystems. 

normalization, it is possible to determine the 
ratio of fluorescent signals from a single 
hybridization of a slide-based microarrav. 

cDNA derived from control and treated 
populations of RNA is most commonly 
hybridized to arrays, although subtractive 
hybridization or differential display reactions 
mav also be used. Fluoroohore- or radi la- 
Dcied nucleouaes axe direcriy incorporated 
into the cDNA in the process of converting 
RNA to cDN A. Alternatively, 5 ' end-labeJed 
primers may be used for cDNA synthesis. 
These are labeled with a fluorophore for 
direct visualization of the hybridized array. 
Alternatively, biotin or a hapten mav be 
attached to the primer, in which case fluor- 
labeled streptavidin or antibody must be 
applied before a signal can be generated. The 
most commonly used fluorophores at present 
are cyanine (Cy)3 and Cy5 (Amersham 
Pharmacia Biotech AB. Uppsala. Sweden). 
However, the relative expense of these fluo- 
rescent conjugates has driven a search for 
cheaper alternatives. Fluorescein, rhodaxnine, 
and Texas red have all been used, and 
companies such as Molecular Probes, Inc. 
(Eugene, OR) are developing a series of 
labeled nucleotides with a wide range of exci- 
tation and emission spectra which may prove 
to function as well as the Cv dves. 
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Table t. Advantages and disadvantages of different microarray scanning systems. 





CCD camera system 


Nonconfocal laser scanner 


Confccal sase* scar.ne* 
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performance 
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artifacts 
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efficiency 
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Analysis of DNA Micr arrays 

Membrane-based arrays arc normally analyzed 
on film or with a phosphorimager, whereas 
chip-based arrays require more specialized scan- 
ning devices. These can be divided into three 
main groups: the charge-coupled device camera 
systems, the nonconrocal laser scanners, and the 
confocal laser scanners. The advantages and dis- 
advantages of each system are listed in Table 1 . 

Because a typical spot on a microarray can 
contain > 10 8 molecules, it is dear that a large 
variation in signal strength may occur. 
Current scanners cannot work across this 
many orders of magnitude (4 or 5 is more typ- 
ical). However, the scanning parameters can 
normally be adjusted co collect more or less 
signal, such that two or three scans of the same 
array should permit the detection of rare and 
abundant genes. 

When a microarray is scanned, the fluores- 
cent images are captured by software normally 
included with the scanner. Several commercial 
suppliers provide additional software for quan- 
tifying array images, but the software tools are 
constantly evolving to meet the developing 
needs of researchers, and it is prudent to 
define one's own needs and clarify- the exact 
capabilities of the software before its purchase. 
Issues that should be considered include the 
following: 

• Can the software locate offset spots? 

• Can it quantitate across irregular hybridiza- 
tion signals? 

• Can the arraved genes be programmed in for 
easy identification and location? 

• Can the software connect via the Internet to 
databases containing further information on 
the eene(s) of interest? 

One of the kev issues raised at the work- 
shop was the sensitivity of miaoarray technol- 
ocv. Experiments bv General Scanning. Inc. 
^aterrown, MA), have shown that by using 
the Cv dves and their scanner, signal can be 
detected down to levels of < 1 fluor molecule 
per square micrometer, which translates to 
detecting a rare message at approximately one 
copy per cell or less. 

Array Applications 

Although arrays are an emerging technology 
certain to undergo improvement and 
alteration, they have already been applied use- 
fully to a number of model systems. Arrays are 
at their most powerful when they contain the 
entire genome f the species they are being 
used to study. For this reason, they have strong 
support among researchers utilizing yeast and 
Caenorhabditii elegans (5). The genomes of 
both of these species have been sequenced and, 
in the case of yeast, deposited onto arrays for 
examination of gene expression (6, 7). With 
both of these species, it is relatively easy to 
perturb individual gene expression. Indeed. C 
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elegans knockouts can be made simply by 
soaking the worms in an antisense solution of 
the gene to be knocked out. 

By a process of systematic gene disrup- 
tion, it is now possible to examine the cause 
and effect relationships between different 
genes in these simple organisms. This kind of 
approach should help elucidate biochemical 
pathways and genetic control processes, 
deconvolve polygenic interactions, and 
define the architecture of the cellular network. 
A simple case study of how this can be 
achieved was presented by Butow [University 
of Texas Southwestern Medical Center, 
Dallas. TX (F igure 2)]. Although it is the 
phenorypic result of a single gene knockout 
that is being examined, the effect of such 
perturbation will almost always be polygenic. 
Polygenic interactions will become increasing- 
ly important as researchers begin to move 
away from single gene systems when examin- 
ing the nature of toxicologic responses to 
external stimuli. This is especially important 
in toxicology because the phenorype pro- 
duced by a given environmental insult is 
never the result of the action of a single gene; 
rather, it is a complex interaction of one or 
multiple cellular pathways. Phenomena such 
as quantitative trait (the continuous variation 
of phenorype), epistasis tthe erTecr or alleles of 
one or more genes on the expression or other 
genes), and penetrance (proportion of indi- 
viduals of a given genotype that display a par- 
ticular phenorype) will become increasingly 
evident and important as toxicologists push 
toward the ultimate goal of matching the 
responses of individuals to different 
environmental stimuli. 

Analysis of the rxanscriptome (the expres- 
sion level of all the genes in a given cell popula- 
tion) was a use of arravs addressed bv several 
speakers. Unfortunately, current gene nomen- 
clature is ft en confusing in that single genes 
are allocated multiple names (usually as a result 
of independent discovery by different laborato- 
ries), and there was a call for standardization of 
gene nomenclature. Nevertheless, once a rxan- 
scriptome has been assembled it can then be 
transferred onto arrays and used to screen any 
chosen svstem. The EPA MicroArrav 
Consortium (EPAMAC) is assembling testes 



transcriptomes for human, rat. and mouse. In a 
slighdy different approach. Nuwavsir ct al. {8) 
describes how the NIEHS assembled what is 
effectively a "toxicoiogical transcriptome" — a 
library of human and mouse genes that have 
previously been proven or implicated in 
responses to toxicologic insults. Clontech 
Laboratories. Inc. (Palo Alto. CA). has begun a 
similar process by- developing stress/toxicology 
filter arrays of rat, mouse, and human genes. 
Thus, rather than being tissue or cell specific 
these stress/ toxicology arrays can be used across 
a varietv of model svstcms to look tor alter- 
ations in the expression of toxicologically 
important genes and define the new field of 
toxicogenomics. The potential to identify toxi- 
cant families based on tissue- or cell-speciftc 
gene expression could revolutionize drug test- 
me. These molecular signatures or fingerprints 
could not only point to the possible 
toxicity/carcinogenicity of newly discovered 
compounds (Figure 3), but also aid in elucidat- 
ing their mechanism of action through identifi- 
cation of gene expression networks. By exten- 
sion, such signatures could provide easily iden- 
tifiable biomarkers to assess the degree, time, 
and nature of exposure. 

DNA arravs are primarily a tool for exam- 
ining dittercntiaJ gene expression in a given 
model. In this context thev are rererred to as 
dosed systems because they lack the ability of 
other dif f e re ntial expression technologies, e.g., 
differential display and subtractive hybridiza- 
tion, to detect previously unknown genes not 
present on the array. This would appear to 
limit the power of DNA arrays to the imagina- 
tions and preconceptions of the researcher in 
selecting genes previously characterized and 
thought to be involved in the model system. 
However, the various genome sequencing pro- 
jects have created a new category f 
sequence — the EST — that has partially molli- 
fied this deficiency. ESTs arc cDNAs expressed 
in a given tissue that, although they may share 
some degree of sequence similarity to previous- 
ly characterized genes, have not been assigned 
specific genetic identity. By incorporating EST 
clones into an array, it is possible t monit r 
the expression of these unknown genes. This 
can enable the identification of previously 
un characterized genes that may have biologic 
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significance in the model svstem. Filter arravs 
from Research Genetics and slide arravs rrom 
Incite Pharmaceuticals both incorporate large 
numbers of ESTs from a variety or species. 

A further use or microanavs is the identifi- - 
cation of single nucleotide polymorphisms 
(SNPsJ. These genomic variations are abun- 
dant — they occur approximately every 1 kb or 
so— and are the basis of restriction rragmenr 
length polymorphism analysis used in forensic 
anajysis. Afrymetnx. Inc., designed chips that 
contain multiple repeats of the same gene 
sequence. Each position is present with all four 
possible bases. .After the hybridizarion of the 
sample, the degree of hybridization to the dif- 
ferent sequences can be measured and the exact 
seauence of the target ecne deduced. SNPs are 
thought to be of vital importance in drug 
metabolism and toxicology. For example, sin- 
gle base differences in the regulatory region or 
active site of some senes can account for huce 
differences in the activirv of that sene. Such 
SNPs are thought to explain why some people 
are able to metabolize certain xenobiotics bet- 
ter than others. Thus, arrays provide a further 
tool for the toxicologic investigating the 
nature of susceptible subpopulations and toxi- 
cologic response. 

There are still many wrinkles to be ironed 
out before arrays become a standard tool for 
toxicologists. The main issues raised at the 
workshop by those with hands-on experience 
were the following: 

• Expense: the cost of purchasing/contracting 
this technology is still too great for many 
individual laboratories. 
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Figure 2. Potential effects of gene knockout within 
positively and negatively regulated gene expression 
networks. /, is limiting in wild type for expression of 
i 2 . (A) A simple, two- component, linear regulatory 
network operating on gene ^ where /, is a positive 
effector of ^ and j n is either a positive or negative 
effector of This network could be deduced by 
examining the consequence of {£) deleting /„ on the 
expression of /, and ^ where the expression of ^ 
would be decreased or increased depending on 
whether j n was a positive or negative regulator. 
These and other connected components of even 
greater complexity could be revealed by genome* 
wide expression analysis. From Butow 1 75). 
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• Clones: the logistics of identifying, obtaining, 
and maintaining a set of nonredundant. non- 
contaminated, sequence- venned. species/ ceil-' 
tissue/rlcld-specific clones. 

• Use of inbred strains: where whole-organism 
models are being used, the use of inbred 
strains is important to reduce the potentialiv 
contusing ertects of the individual variation 
typically seen in outbred populations. 

• Probe: the need for relatively large amounts 
of RNA, which limits the rype of sample 
(e.g., biopsv) that can be used. Also, different 
RNA extraction methods can give different 
results. 

• Specificity: the ability to discriminate accu- 
rately between doselv related eenes (e.g., the 
cytoenrome ch50 family) and splice variants. 

• Quantitation: the quantitation of gene 
expression using gene arrays is still open to 
debate. One reason for this is the different 
incorporation of the labeling dves. However, 
the main difficulty lies in knowing what to 
normalize against. One option is to include a 
large number of so-called housekeeping genes 
in the array. However, the expression of these 
genes often change depending on the tissue 
and the toxicant, so it is necessarv to charac- 
terize the expression of these genes in the 
model system before utilizing them. This is 
clearly not a viable option when screening 
multiple new compounds. A second option 
is to include on the array genes from a nonre- 
lated species (e.g.. a plant gene on an animal 
array) and to spike the probe with synthetic 
RNA(s) complementary to the gene(s). 

• Reproducibility: this is sometimes question- 
able, and a figure of approximately cwo or 
three repeats was used as the minimum num- 
ber required to confirm initial findings. 



Again, however, most neopic jjvou:^ thr- 
ust or Northern biots or reverse tran>cr:ruie 
PCR to connrm nnamss. 

• Sensitivity: concerns were voiced about the 
^number of target molecules that must be rre- 

sent in a sample for them to be detected on 
the arrav. 
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• Efficiency: reproducible identificauon of 1.5- 
to 2-fold differences in expression was report- 
ed, although the number of genes that 
undergo this level of change and remain 
undetected is open to debate. It is important 
that this level of detection be ultimatciv 
achieved because it is commonly perceived 
that some important transcription factors 
and their regulators respond at such low lev- 
els. In most cases. 5- to ^-rbld was the mini- 
mum change that most were happv to 
accept. 

• Biomformatics: perhaps the greatest concern 
was how to accurately interpret the data with 
the greatest accuracy and efficiency. The 
biggest headache is trying to identifv net- 
works of gene expression that are common to 
different treatments or doses. The amount of 
data from a single experiment is huge. It mav 
be that, in -the future, several groups individ- 
ually equipped with specialized software algo- 
rithms for studying their favorite genes or 
gene systems will be able to share the same 
hybridized chips. Thus, arrays could usher in 
a new perspective on collaboration and the 
sharing of data. 

EPAMAC 

Perhaps the main reason most scientists are 
unable to use array technology is the high cost 
involved, whether buying off-the-shelf mem- 
branes, using contract printing services, or 
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Figure 3. Gene expression profiles— also called fingerprints or signatures— of known toxicants or toxi- 
cant families may. in the future, be used to identify the potential toxicity of new drugs, etc. In this exam- 
ple, the genetic signature of test compound 1 is identical to that of known peroxisome proliferators 
whereas that of test compound 2 does not match any known toxicant family. Based on these results test 
compound 2 would be retained for further testing and test compound 1 would be eliminated 
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producing chips in-house. In view or this, 
researchers at the RTD/NHEERL initiated 
the EPAMAC. This consortium brings 
toeeiher scientists rrom the EPA and a num- 
bed of extramural labs with the aim of devel- 
oping microarray capability through the shar- 
ing of resources and data. EPAMAC 
researchers are primarily interested in the 
developmental and toxicologic changes seen 
in testicular and breast tissue, and a portion 
of the workshop was set aside for EPAMAC 
members to share their ideas on how the 
experimental application of microarrays could 
facilitate their research. One of the central 
areas of interest to EPAMAC members is the 
effect of xenobiotics on male fertility and 
reproductive health. Of greatest concern is 
the effect of exposure during critical periods 
of development and germ cell differentiation 
(9), and how this may compromise sperm 
counts and quality following sexual matura- 
tion (10). As well as spermatogenic tissue, 
there is also interest in how residual mRNA 
found in mature sperm (//) could be used as 
an indicator of previous xenobiotic effects (it 
is easier to obtain a semen sample than a tes- 
ticular biopsv). Arravs will be used to examine 
and compare the effect of exposure to heat 
and chemicals in testicular and epididymaJ 
senc expression profiles, with the aim of 
establishing relationships/associations 
between changes in developmental landmarks 
and the effects on sperm count and quality. 
Cluster, pattern, and other analysis of such 
data should help identify hidden relationships 
between genes that may reveal potential 
mechanisms of action and uncover roles for 
senes with unknown functions. 

Summary 

The Kill impact of DNA arrays may not be 
>een for several vean. but the interest shown at 
:rus rraonai workshop indicates the high level 
of interest that they roster. Apart rrom educat- 
ing and advertising the various technologies in 
this field, this workshop brought together a 
number of researchers from the Research 
Triangle Park area who are already using DNA 
arrays. The interest in sharing ideas and experi- 
ences led to the initiation of a Triangle array 
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Arrav technolosv is still in its inrancv. This 
means that the hardware is still improving and 
there is no current consensus ror standard pro- 
cedures. quantitation, and interpretation. 
Consistency in spotting and scanning arrays is - 
not yet optimized, and this is one of the most 

critical requirements of any experiment, in 

addition, one of the dark regions of arrav tech- 
nology — strife in the courts over who owns 
what portions of it — has further muddled the 
ruture and is a potential barrier toward the 
development of consensus procedures. 

Perhaps the greatest hurdle tor the applica- 
tion of arrays is the actual interpretation of 
data. No specialists in bioinformatics attended 
the workshop, largely because they are rare and 
because as yet no one seems clear on the best 
method of approaching data analysis and inter- 
pretation. Cross-referencing results from mul- 
tiple experiments (time, dose, repeats, different 
animals, different species) to identify common- 
ly expressed genes is a great challenge. In most 
cases, we are still a long way rrom understand- 
ing how the expression of gene X is related to 
the expression of gene K and ordering gene 
expression to delineate causal relationships. 

To the ordinary scientist in the typical lab- 
oratory, however, the most immediate prob- 
lem is a lack of affordable instrumentation. 
One can purchase premade membranes at 
relatively affordable prices. Although these 
may be useful in identifying individual genes 
to pursue in more detail using other methods, 
the numbers that would be required for even a 
small routine toxicology experiment prohibit 
this as a truly viable approach. For the toxicol- 
ogist. there is a need to earn* out multiple 
experiments — dose responses, time curves, 
multiple animals, and repeats. Class-based 
DNA arrays are most attractive in this context 
because they can be prepared in large batches 
from the same DNA source and accommo- 
date control and oeated samples on the same 
chip. Another problem witn current orf-the- 
shelf arravs is that thev often do not contain 
one or more of the particular genes a group is 
interested in. One alternative is to obtain 
and/or produce a set of custom clones and 
have contract printing of membranes or slides 
carried out by a company such as Cenomic 
Solutions. Inc. (Ann Arbor, Ml). This approach 
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is less expensive than iavmp ou: jur::j. 
one s own entire svstcm. although j: >orr.v 
point it might make economic >ense to nr.r.: 
one's own arravs. 

Finally. DNA arrays are currently a team 
effort. Thev are a technoiocv that uses a wide 
-range of skills including engineerinc statistics, 
molecular bioioev. chemistrv. and biointor- 
matics. Because most individuals are skilled in 
only one or perhaps two of these areas, it 
appears that success with arravs may be best 
expected by teams of collaborators consisting 
of individuals having each of these skills. 

Those considering array applications mav 
be amused or goaded on bv the following 
quote rrom Fonunc magazine \ 

Microprocessors have reshaped our economv. 
spawned vast ronunes and chanced the wav v*c live. 
Gene chips could be even bigger. 

Although this comment mav have been 
designed to excite the imagination rather than 
accuratelv reflect the truth, it is fair to sav that 
the age of functional genomics is upon us. 
DNA arrays look set to be an important tool in 
this new age of biotechnology and will likely 
contribute answers to some of toxicology s 
most fundamental questions. 
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